The blood-brain barrier is composed of cerebrovascular endothelial cells and tight junctions, and maintaining its integrity is crucial for the homeostasis of the neuronal environment. Recently, we discovered that mitochondria play a critical role in maintaining blood-brain barrier integrity. We report for the first time a novel mechanism underlying blood-brain barrier integrity: miR-34a mediated regulation of blood-brain barrier through a mitochondrial mechanism. Bioinformatics analysis suggests miR-34a targets several mitochondria-associated gene candidates. We demonstrated that miR-34a triggers the breakdown of blood-brain barrier in cerebrovascular endothelial cell monolayer in vitro, paralleled by reduction of mitochondrial oxidative phosphorylation and adenosine triphosphate production, and decreased cytochrome c levels.
Introduction
The blood-brain barrier (BBB) is composed of highly specialized cerebrovascular endothelial cells (CECs), separates brain tissue from the circulating blood, and maintains homeostasis of the neuronal environment. 1 The CECs are interconnected by tight junctions including cytoplasmic zonula occludens (ZO) proteins, and various transmembrane proteins such as occludin and claudins. 2 Disruption of BBB tight junctions has been well documented in cerebrovascular diseases and neurodegenerative disorders and is considered to be a pathological condition of the diseases and plays a key role in disease progression as well. 2 A recent study demonstrates that the mitochondrial mechanisms regulate BBB integrity and permeability using oxygen-glucose deprivation and reoxygenation (OGD-R), an in vitro model of ischemic reperfusion injury. 3 Our work demonstrates that compromised mitochondria lead to the disruption of tight junctions, opening of the BBB, and exacerbation of stroke outcomes. 4 As such, regulation of mitochondrial function may affect BBB openings and could be critical in limiting the pathological progression of cerebrovascular diseases and neurodegenerative disorders.
MicroRNAs (miRNAs) are short non-coding functional RNAs that target certain messenger RNAs (mRNAs) through complementary base-pairing between the miRNAs and its mRNA targets, resulting in the inhibition of mRNA translation or degradation of mRNA. 5 It has been documented that miRNAs are involved in mitochondrial structure and function, such as miR-181c which regulates mitochondrial morphology, 6 miR-1 which affects mitochondrial mRNA translation, 7 and miR-378 which targets mitochondrial enzymes involved in oxidative energy metabolism. 8 Additionally, several miRNAs have recently been found to regulate BBB permeability. MiR-155, miR-181c, and miR-29c negatively affect BBB function by targeting tight junction protein genes directly or affecting related signal pathways. [9] [10] [11] The miR-34 family members were discovered computationally and later verified experimentally as a part of the p53 tumor suppressor network. Recent work demonstrates that miR-34a modulates the expression of synaptic targets and neuronal morphology and function. 12 However, little is known regarding the role of miR-34a in mitochondrial function and BBB permeability.
In the present study, we report that the overexpression of miR-34a breaks down the BBB through inhibition of mitochondrial function. Furthermore, cytochrome c (CYC) is experimentally verified as a target of miR-34a in vitro.
Materials and methods BBB permeability assay in vitro
Cell culture and transfection were detailed in supplementary information (SI). To identify the effect of miR-34a on the BBB, we employed a CEC (bEnd.3 cell line from ATCC) culture model, which is a murine CEC line with established BBB characteristics. We first transfected the CECs with miRNA-Alxea-Fluo Õ -555 by lipofectomine RNAiMAX reagent and confirmed high transfection efficiency (74.9%) in CECs by flow cytometry ( Supplementary Figure 1 (a)) and microscopy ( Supplementary Figure 1(b) ). Then, we constructed a miR-34a expression plasmid and observed an approximate nine-fold increase in miR-34a copies in CECs with the miR-34a plasmid compared to vector control as determined by real-time polymerase chain reaction (PCR) ( Supplementary  Figure 1 (c)). We performed the following experiments under the same transfection condition.
We transfected the CECs in 24-well plates and conducted BBB permeability assays in transwell inserts (Millipore, Darmstadt, Germany) in triplicates. We seeded transfected CECs (1.5 Â 10 5 ) on inserts for two days. We added 250 mg/ml FITC-labeled dextran FD-4 (4 kDa, Sigma) to the apical side of the filters and then sampled the medium in the basolateral compartment every 15 min for 2 h. We read the mean fluorescent intensity of FD-4 on a plate reader (excitation 490 nm and emission 515 nm) and calculated the apparent permeability coefficient (Papp, cm/s) with an FD-4 standard curve.
Oxygen consumption rate evaluation
We measured oxygen consumption rate (OCR) at 37 C using an XF96e extracellular analyzer (Seahorse Bioscience, Massachusetts, USA) according to the manufacturer's instructions. Briefly, we seeded CECs into Seahorse Bioscience XF96e cell culture plates (16,000 cells/well for 48 h culture; 10,000 cells/well for 72 h culture) and cultured overnight. We performed miR-34 plasmid versus vector control transfection with Lipofectamine RNAiMAX reagent (Life Technologies, New York, USA) and cultured CECs for additional 48 h or 72 h. We changed the cell culture medium to unbuffered (pH 7.4) DMEM prior to measurements. We prepared 10 Â dilutions of oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), rotenone, and antimycin A (all from Sigma) and implemented the measure protocol. This protocol allowed determination of the basal level of oxygen consumption, the amount of oxygen consumption linked to adenosine triphosphate (ATP) production, maximal respiration capacity, and non-mitochondrial oxygen consumption.
ATP measurement
We cultured cells in 96-well black plates and measured ATP level by ATP bioluminescence assay kit (Promega, Wisconsin, USA) according to the manufacturer's instruction.
Detect respiratory chain complex I-IV by flow cytometry
We cultured CECs in six-well plates and transfected the cells with miR-34a plasmid or control, then we washed the cells and performed intracellular staining with an intracellular staining set (cat. 72-5775, eBioscience, California, USA). Antibody information is detailed in SI. We acquired data on BD Calibur flow cytometry and analyzed mean fluorescence intensity by Flowjo software.
Statistical analysis
We performed statistical analysis using Prism 5 software (Graphpad software, California, USA). Differences between groups were analyzed by the unpaired Student's t-test, 1-way analysis of variance (ANOVA), or 2-way ANOVA as indicated in the figure legends.
Results

Overexpression of miR-34a affects BBB permeability and disrupts tight junctions in CECs
To determine whether miR-34a functionally affected the BBB, we transfected CECs with miR34a plasmid versus vector control in 24-well plates, cultured the cells for 48 h, conducted a BBB permeability assay in a CEC monolayer transwell system in vitro with an additional culture of 48 h, and measured the fluorescent dye FD-4 permeability of each well (Figure 1(a) ). As shown in Figure 1 (a), FD-4 permeability was significantly increased in wells containing miR-34a overexpression CEC monolayer. Papp, the permeability coefficient, was also significantly higher in CECs overexpressed with miR-34a in comparison to vector controls (Figure 1(a) ). Furthermore, immunohistochemistry staining of tight junction-related proteins revealed that ZO-1 was continuously distributed in the control, but a discontinuous distribution of ZO-1 was observed in miR-34a overexpressed CEC monolayer (Figure 1(b) ). Disruption of tight junctions was not associated with cell viability in CECs transfected with plasmids for 48 h or 96 h (Supplementary Figure 2) . Altogether, these data suggest that overexpression of miR-34a increases BBB permeability and compromises BBB tight junctions.
MiR-34a affects mitochondrial function by targeting CYC in CECs
Our recent work demonstrated that mitochondria play a pivotal role in the maintenance of BBB integrity. BBB tight junctions are rapidly disrupted if oxidative phosphorylation is reduced by mitochondrial inhibitors. 4 To investigate whether the miR-34a regulates BBB openings via affecting mitochondrial function in CECs, we examined cellular energetic OCRs in CECs transfected with miR-34a plasmid versus vector control. Interestingly, overexpression of miR-34a significantly impaired mitochondrial function in CECs (Figure 2(a) and Supplementary Figure 3 ). Basal respiration, ATP production, maximal respiration, and spare capacity were all significantly reduced in CECs overexpressing miR-34a for 48 and 72 h (Figure 2(a) ). ATP level was also substantially reduced in CECs following overexpression of miR-34a in a dose dependent manner at 72 h (Figure 2(b) ).
To further determine miR-34a targets and uncover the mechanism that is used to affect mitochondria, we performed a bioinformatics analysis of the miR-34a database (miRbase and TargetScan). MiR-34a potentially targets several mitochondria-associated gene candidates including succinate dehydrogenase subunit c (SDHC), cytochrome B reductase 1 (CYBRD1), cytochrome B5 reductase 3 (CYBRD5), cytochrome c (CYCS), pyruvate dehydrogenase kinase isozyme 1 and 2 (PDK1 and PDK2) (Figure 2(c) . However, CECs transfected with the miR-34a plasmid had robustly decreased CYCS levels measured by flow cytometry, suggesting that CYCS is one of the miR-34a targets among the potential candidates (Figure 2(d) ). Moreover, overexpression of miR-34a slightly increased potential target SDHC but did not change the protein level of CYB and PKD (Figure 2(d) ). Off-target genes, NDUFAF1, and VDAC showed no significant change in protein level, but NDUFC2, NDUFS2, and Cox IV were all increased in parallel with overexpression of miR-34a (Figure 2(d) ). Taken together, these results experimentally verified CYCS as a miR-34a target, which is associated with the reduction of mitochondrial oxidative phosphorylation in CECs.
Discussion
In the present study, we demonstrated that the overexpression of miR-34a results in an increased BBB permeability and the disruption of tight junctions ZO-1 in CECs. Consistently, overexpression of miR-34a impaired mitochondrial oxidative phosphorylation and reduced ATP production in CECs. Bioinformatics analysis revealed series of potential miR-34a-targeting candidates related to mitochondrial function. We elucidated that CYCS is a miR-34a target, and the overexpression of miR-34a inhibited the CYCS expression and increased with the expression of other mitochondria-associated genes. The overexpression of miR-34a disrupted tight junction protein ZO-1 (Figure 1 ). However, bioinformatics analysis indicated that miR-34a did not target the ZO-1 gene or other tight junction related genes, which suggests that the increased BBB permeability is not directly caused by the targeting of tight junction protein genes. The compromised mitochondrial function by overexpression of miR-34a may influence cellular metabolism in a way that is critical to maintain BBB tight junctions. Among several potential mitochondria-associated gene targets (Figure 2(c) ), miR-34a initiated the reduction of CYCS level. Interestingly, potential target SDHC and other off-target gene proteins (NDUFC2, NDUFS2, and Cox IV) were concurrently upregulated ( Figure  2(d) ), which might be due to the compensation for the reduced target gene protein CYCS, or the disturbance of the coordinated gene translation in mitochondria. We therefore concluded that CYCS is a miR-34a target and is responsible for the miR-34a-induced reduction of mitochondrial oxidative phosphorylation.
Protein kinase C (PKC) signaling has also been shown to affect BBB or other endothelial barriers in vitro and in vivo. A recent study reported that miR-34a regulated blood-tumor barrier by targeting PKC" using glioma endothelial cells. 13 In this study, we did not assess the PKC pathways that could contain additional targets of miR-34a. However, our data do support that miR-34a affects BBB via a mitochondrial mechanism, which is novel and may lead a new direction for designing BBB-related therapeutics.
We have noted several limitations in our study. First, we did not examine the effects of knockdown or knockout miR-34a on BBB function, which might fully establish the role of miR-34a in the BBB and mitochondria. Second, this work was conducted in cell culture models, which adequately address the mechanism of effect that miR-34a exerts on the BBB and mitochondria but do not provide evidence of its involvement in cerebrovascular or neurodegenerative conditions. Further studies in relevant experimental models are warranted.
Mitochondria play a pivotal role in cellular bioenergetics and cell survival, participating in a variety of cellular processes, including the generation of ATP, and the regulation of apoptotic signaling and other signaling pathways. 14 MiR-34a targets and represses multiple genes involved in cell proliferation, apoptosis, cell cycle, migration, etc., 15 but it is not known if these effects are modulated by the observed mitochondrial effects as well. The present study provides the first description of miR-34a affecting mitochondrial activity, which could lead to a revision of current miR-34a targets and may lead to discovery of new mechanisms. The elucidation of the miR-34a's role in mitochondrial oxidative phosphorylation and the BBB integrity offers a novel therapeutic strategy for targeting miR-34a to treat cerebrovascular and neurodegenerative diseases such as stroke and Alzheimer's disease. These neuropathological diseases are known to involve a host of conditions that lead to mitochondrial impairment and BBB disruption. Finally, transient opening of the BBB could prove to be useful for CNS drug delivery.
